Introduction
A wide variety of wooden objects in the built environment is exposed to a fluctuating climate, e.g. furniture, construction elements in housing, but also works of art. A change in the ambient relative humidity results in moisture exchange between wood and air. As a consequence, the moisture content of the wood changes continuously. This can be advantageous since it contributes to the moisture buffering capacity of a room, ensuring a more stable indoor climate, affecting comfort but also energy consumption [1] . The buffering capacity of building materials has accordingly been subject of several studies [2] [3] [4] , e.g. for application in building energy simulation [5] [6] [7] . Since the buffering capacity is governed by moisture transport, it is important to characterize transport behavior.
The penetration of moisture in wood has been studied extensively for step changes in the ambient relative humidity, including drying [8] [9] [10] [11] [12] . These conditions are, however, rare in the built environment; changes in relative humidity of indoor climates are most often cyclic. An example of a fluctuation in indoor relative humidity is shown in Fig. 1a for the grosse Galerie at Schönbrunn palace in Vienna, Austria. The cyclicality of the fluctuations is already apparent from the time-domain data, elucidated by the frequency spectrum after Fourier transform in Fig. 1b . Peaks at dominant fluctuations of one day and one year are immediately visible. Typical relative humidity fluctuations can thus be decomposed into a sum of sinusoidal fluctuations with different frequencies and amplitudes. The penetration of moisture into the material is dependent on the frequency of the external changes and the transport properties of the material [13, 14] . Moisture will penetrate further into the material when exposed to slow fluctuations. Furthermore, at the same fluctuation frequency, the penetration depth will be higher for a material which is more permeable to moisture.
The goal of this study is to investigate the penetration of moisture in oak during relative humidity fluctuations by nuclear magnetic resonance (NMR). This method has been applied before to study the moisture penetration in pine wood during daily alternating step changes in the relative humidity [15] . We intend to study a wider range of sinusoidal fluctuation frequencies to characterize the frequency dependence of moisture penetration in the different principal directions in oak. To this end, we first briefly introduce simple theory based on the diffusion equation. Experiments are then performed using NMR, in which the moisture content profile can be determined non-destructively during sinusoidal relative humidity fluctuations at various frequencies and different relative humidity ranges. The influence of the transport direction on the penetration depth is assessed by doing experiments in the different principal directions of the wood (longitudinal, radial, and tangential). Furthermore, the behavior in different moisture content regimes is explored. Results are discussed and compared to numerical calculations with a moisture-content dependent diffusion coefficient and an alternative moisture transport model. Finally, conclusions are drawn and an outlook is presented.
Theory
Many models have been proposed in the literature to describe moisture transport in wood, with a wide range of complexity. In this section, moisture transport in a wooden cylinder with a thickness d will be treated. One surface is exposed to sinusoidal fluctuations in relative humidity, the back surface and side surface are sealed, resulting in one-dimensional moisture transport. Presuming a linear sorption isotherm and no surface resistance, this translates into a sinusoidal fluctuation in moisture content at the exposed surface. Regardless of the driving potential, transport in the material can be described by the diffusion equation [16] . Mathematically, transport can be described by
where c is the moisture content, t time, D the diffusion coefficient, and x the distance from the exposed surface. Here, we will assume a constant diffusion coefficient D to arrive at an analytical expres-sion for the moisture content. Initial and boundary conditions can be formulated as
where c i is the initial uniform moisture content, A 0 the amplitude in moisture content at the exposed surface, f the frequency of the relative humidity changes, and d the sample thickness. In the case of small penetration depths, i.e. in conditions for which the medium can be considered semi-infinite, the moisture content over time can be described analytically by [13] :
with k the reciprocal of the penetration depth:
Eq. (3) shows that the fluctuation in moisture content has a phase lag of kx, and the amplitude A at a distance x decays with e Àkx away from the exposed surface:
Rewriting terms in Eq. (5) and using Eq. (4) yields ln
If moisture transport in the material can be described by the diffusion equation, the decay in amplitude should be linear on a logarithmic scale, when plotted versus the parameter x p f. The slope of the amplitude decay then directly provides the diffusion coefficient.
In the experiments, a finite sample is used. The theory will therefore only hold in case the penetration of the moisture is considerably smaller than the thickness of the sample. Here we numerically assess the influence of sample finiteness on amplitude decay at different frequencies. To this end, we introduce dimensionless parameters, indicated by asterisk superscripts: (b) (a) With these dimensionless parameters, we can transform Eqs.
(1) and (2) to
The equations in (8) are discretized, and simulations are performed with different frequencies (f ⁄ = 0.5, 1, 2, 5, and, 10). The decay in amplitude as a function of the dimensionless parameter x ⁄ p f ⁄ is shown in Fig. 2 . For a semi-infinite sample, the decay is linear. For the finite sample, we see a deviation from the linear decay towards the back of the sample, where the amplitude is larger compared to a semi-infinite sample. Nevertheless, the amplitude decay of the first half of the sample is linear for frequencies f ⁄ larger than 1. Even for f ⁄ = 0.5, the first half of the sample deviates only slightly from the decay of a semi-infinite sample. We can therefore expose finite samples to frequencies as low as f ⁄ = 0.5, if we only consider the half of the sample closest to the surface. Using literature values for D of oak [17, 18] and the sample thickness, we can determine the range of frequencies of interest for our experiments using the definition of f ⁄ in Eq. (7) . The diffusion coefficients are dependent on the direction in which transport occurs. Assuming diffusion coefficients of 1 Á 10 À9 m 2 /s, 5 Á 10 À11 m 2 /s, and 2.5 Á 10 À11 m 2 /s for transport in longitudinal, radial, and tangential direction respectively, we yield maximum fluctuation periods of 27, 1111, and 2222 h.
Materials and methods
The material used in the measurements is white oak heartwood. Its structure contains large earlywood vessels, with typical diameters of 100-300 lm (measured with a Dino-Lite Ó digital microscope); latewood vessel diameters are typically 30-50 lm. Other significant microstructural elements in oak include rays and long, thick-walled fiber tracheids or cells, whose diameter is much smaller than the typical vessel diameter. Moisture transfer between bordering cells occurs through pits or perforation plates, with approximate pit diameters of 6 lm [19] . These pits have openings typically smaller than 100 nm, with a reported mean of 30 nm [19] . These pits, and in particular their thickness, influence moisture transport characteristics of wood species to a large extent. For a more elaborate and detailed discussion of the microstructure of hardwoods, the reader is referred to specialized literature [19, 20] .
Cylindrical oak samples are prepared with their axis along either one of the principal macroscopic directions of wood. These principal directions are the longitudinal direction, i.e. along the growth direction of the tree; the radial direction, i.e. from the center of the tree to the outer bark; and the tangential direction, i.e. perpendicular to both longitudinal and radial direction and tangential to the annual rings of the tree. The cylinders have a diameter of 20 mm and a height of 10 mm. Accordingly, several consecutive layers of earlywood and latewood are present in a single sample. The side surface and bottom of the cylinders are sealed by a thick layer of Krytox Ó Teflon grease, ensuring onedimensional transport from the exposed surface. The sealed sample is placed inside a Teflon sample holder, where air can be blown over the top surface using a humidifier [18] . The humidifier mixes a dry and a wet air stream; their mixing proportions determine the relative humidity of the resulting air stream. Moisture content profiles along the height of the sample are measured using NMR. The key concept of NMR is that nuclei (e.g., 1 H, 13 C) possess spin, and consequently have a magnetic dipole moment. In an externally applied magnetic field B 0 , these nuclei precess at a resonance frequency
where c is the gyromagnetic ratio of the nucleus (for 1 H, c/2p = 42.58 MHz/T). This resonance condition allows the selective measurement of nuclei in an NMR experiment by applying suitably chosen radiofrequency (RF) pulses. Moreover, when a gradient in the static field is applied, the resonance condition can be made spatially selective. Accordingly, the moisture content of a thin slice can be determined by changing the resonance frequency f L .
The experiments described in this study are performed on a custom-built NMR system, specifically designed for quantitative measurement of moisture in porous materials. The system operates with a static magnetic field of 0.78 T, using a magnetic field gradient of $0.3 T/m in the vertical direction generated with Anderson coils [21] . The set-up is shown schematically in Fig. 3 . The Teflon sample holder containing the sample of interest is placed inside a coil to transmit and receive RF fields during the NMR experiments. A Faraday shield is placed between the coil and the sample to suppress the effects of a varying dielectric permittivity induced by moisture content changes, thereby enabling quantitative measurement. Moisture content profiles are measured by performing Hahn spin-echoes [22] at different frequencies, i.e. at different heights, without moving the sample. To account for the decreasing sensitivity of the coil away from its center frequency, obtained values are divided by a reference profile obtained with a solution containing 0.1 M CuSO 4 . Accordingly, we can measure moisture inside the porous structure of wood, e.g. as water inside the cell walls or as liquid water in fiber cells or vessels. Latter is not the case in our experiments, since the moisture content is below the fiber saturation point marked by the absence of liquid water. Hence, we measure the concentration of bound water inside the cell walls. The cell spaces themselves are filled with water vapor, which, due to its low concentration, is not measured by NMR.
Results and discussion

Influence of transport direction
An example of the moisture content profile of the sample during a sinusoidal fluctuation in relative humidity is shown in Fig. 4a , for a sample with its axis in the longitudinal direction. As can be seen, the change in moisture content is the largest near the exposed surface, and damps towards the sealed back surface. This is also observed in the moisture content evolution over time at the different distances from the exposed surface in Fig. 4b . The moisture content evolution at the different measurement points can be fitted with a sine function to acquire the amplitude in moisture content as a function of frequency and distance from the exposed surface. These results can then be used to determine the penetration depth of moisture in the different directions of oak. Fig. 4a and b show that the moisture content at the sealed back surface of the sample fluctuates too; strictly speaking, the sample length cannot be assumed infinite. We did, however, show that for the considered fluctuations, the moisture content near the exposed surface is not affected by the finiteness of the sample. By taking into account only the first half of the sample, this effect is omitted.
The resolution in the experiments is 2 mm; each point we measure is an average over a slice of 2 mm. The signal at each point within 1 mm of the surface will thus also be an average containing the signal outside the sample. We therefore omit these data points to include only information on the moisture content 1 mm away from the exposed surface. We can fit the distance-dependent logarithm of the amplitude linearly to retrieve the amplitude in normalized moisture content at the exposed surface. The decay of the amplitude as a function of x p f is shown in Fig. 5a for the three principal directions of wood (longitudinal, radial, and tangential). The decay in all three directions is linear, as expected from transport according to the diffusion equation with constant coefficients. Furthermore, the three directions are clearly distinguishable, with the decay being the steepest in the tangential and radial direction, and more slowly decaying in the longitudinal direction. A linear fit with Eq. (6) provides diffusion coefficients for the different directions. For the longitudinal direction, a value of 2.9 Á 10 À9 m 2 /s is found. The diffusion coefficient in the radial direction (D = 5.5 Á 10 À11 m 2 /s) corresponds well to values found from an alternative method, in which the macroscopic bending of an oak board is used to retrieve the diffusion coefficient [18] . Furthermore, it is in good agreement with other values from literature [17] . The diffusion coefficient in the tangential direction has a value of 2.3 Á 10 À11 m 2 /s, which is consistent with qualitative information that the diffusion coefficient is the lowest in the tangential direction [19] . The presence of large vessels explains the high value for the diffusion coefficient in the longitudinal direction; although both water vapor and bound water diffusion occur, water vapor diffusion dominates the overall transport since it is much faster. Adsorption of the water from the vapor phase into the cell wall then results in an increase in measurable moisture content. The timescale of the latter process is presumed to be shorter than the transport timescale, otherwise an additional attenuation would be expected based on fluctuation frequency. For transport in radial or tangential direction, moisture is transported over cell walls and through pits, which largely increases the transport timescale. This can be schematized as diffusion in series, with consecutive vapor transport through cell spaces and bound water diffusion through cell walls [12] . Since bound water diffusion is slower, it is the limiting factor in the overall transport. The faster transport in radial direction can possibly be attributed to more pits on the radial surfaces of the cells or to the presence of rays in the radial direction.
The amplitude decay as a function of kx, i.e. as a function of the distance from the surface scaled by the penetration depth, is shown in Fig. 5b for the three different principal transport directions. Use is made of the derived diffusion coefficients derived in Fig. 5a , in order to scale all three principal directions onto one curve. The figure illustrates the similarity in decay in the three different directions. The theoretical slope (À1) from Eq. (6) is added to demonstrate the agreement with the penetration depth from the diffusion equation.
Using the derived diffusion coefficients of the different principal transport directions, the penetration depth as a function of fluctuation frequency is shown in Fig. 6 for the three different principal directions. The figure insightfully shows that, for a given fluctuation frequency, the penetration depth is the highest in the longitudinal direction, and the lowest in the tangential direction.
For an hourly fluctuation, the moisture penetrates $1.8 mm into the longitudinal direction, $0.25 mm in the radial direction, and $0.16 mm in the tangential direction. During daily fluctuations, the penetration depth is 9 mm, 1.2 mm, and 0.8 mm for the longitudinal, radial, and tangential direction respectively; for the yearly fluctuation, these values are 17 cm, 2.3 cm, and 1.5 cm respectively.
Non-constant diffusion coefficient
The experiments so far have covered almost the total hygroscopic moisture content range by fluctuating the relative humidity between 10 and 90%. In literature, however, moisture contentdependent values have been proposed for the diffusion coefficient of moisture in wood [8, [23] [24] [25] . The influence of a moisture content-dependent diffusion coefficient on the amplitude decay is assessed numerically first. Again we consider one-dimensional transport, with the exposed surface subjected to sinusoidal fluctu-ations in relative humidity, similar to Eq. (1). We can, similar to Eq. (7) introduce the following dimensionless parameters:
where D a is the average diffusion coefficient over the moisture content range considered. With these dimensionless parameters, the equations in (1) and (2) can be scaled to arrive at
The initial and boundary conditions are the same as in (8) . The scaled diffusion coefficient D ⁄ is assumed to be of exponential form, i.e.
where b determines the influence of the diffusion coefficient on scaled moisture content. For increasing b, the diffusion coefficient has a stronger dependence on moisture content. The form of the diffusion coefficient is chosen such that the average scaled diffusion coefficient over the scaled moisture content range (from À1 to +1) is unity. For small values of b, simulations can be scaled with x ⁄ p f ⁄ , as is shown in Fig. 7a for b = 1. The amplitude decay is, similarly to b = 0, exponential.
If the diffusion coefficient is dependent on moisture content, the amplitude decay is additionally affected by the moisture content range in which the fluctuation occurs. This effect is shown in Fig. 7a for b = 1, exposed to different scaled moisture content fluctuations at the surface (0 ± 1, À0.5 ± 0.5, 0 ± 0.5, and 0.5 ± 0.5). Even for this relatively weak dependence of the diffusion coefficient on moisture content, the decay in the three different moisture content ranges is clearly distinguishable. The slope of the decay becomes less negative for increasing moisture content range, since the diffusion coefficient increases with moisture content. It is therefore expected that, when performing experiments in different moisture content ranges, the decay in amplitude is different if the diffusion constant is dependent on the moisture content. Experiments are accordingly performed with the longitudinal sample, which is exposed to relative humidity fluctuations of 30 ± 20%, 50 ± 20%, and 70 ± 20%, with different frequencies (periods of 4.25, 8.5, and 17 h). The resulting decay in moisture content amplitude as a function of x ⁄ p f ⁄ (using the diffusion coefficient derived in Fig. 5a is shown in Fig. 7b . The linear fits with the experimental data for the four different relative humidity regimes are similar (2.9 Á 10 À11 m 2 /s, 2.8 Á 10 À11 m 2 /s, 2.5 Á 10 À11 m 2 /s, and 3.7 Á 10 À11 m 2 /s for 50 ± 40%, 30 ± 20%, 50 ± 20%, and 70 ± 20% respectively). We can therefore conclude that, in the longitudinal direction of oak, the kinetics of moisture transport is almost independent of the moisture content regime and can thus be well described by a constant diffusion coefficient.
Influence of surface resistance
In the above analysis, we have assumed immediate equilibrium between moisture at the exposed surface and in the ambient air. If this is the case, the amplitude in moisture content at the exposed surface should be independent of fluctuation frequency. We therefore first determine the amplitude in moisture content at infinitely slow fluctuations A 1 as half of the difference between the equilibrium moisture content at relative humidities of 10% and 90%. Due to the resolution, the first point we measure is at x 1 = 1 mm from the surface. According to Eq. (6), the amplitude at this point divided by A 1 should decay exponentially with the square root of frequency. When additionally scaled by the diffusion coefficient, the amplitude at x 1 should be independent of transport direction. This is contradicted by experimental results in Fig. 8 , where the decay is steeper than predicted from the diffusion equation in Eq. (6) . Furthermore, the results for the three different transport directions are not scaled onto one master curve.
The amplitude at the exposed surface is thus attenuated. A possible cause is the resistance resulting from a boundary layer, damping the amplitude in moisture content at the exposed surface. The influence of this surface resistance at the wood-air boundary on the penetration depth of moisture can be incorporated by replacing the boundary condition at x ⁄ = 0 in (11) with
with g ⁄ = gd/Dq, g being a mass transfer coefficient [kg/m 2 s] and q the density of wood [kg/m 3 ]. The normalized moisture content amplitude as a function of x ⁄ p f ⁄ is shown in Fig. 9a , resulting from simulations with various values of g ⁄ (0.01, 0.1, 1). The decays for the three different values of the dimensionless mass transfer coefficient g ⁄ are indistinguishable; similar to Eq. (6), all three are linear with slope À p p. This independence of the penetration depth on the surface resistance was already recognized by Cunningham [14] . The amplitude at the exposed surface, however, decreases with dimensionless frequency f ⁄ , as shown in Fig. 9b . Furthermore, the amplitude at the exposed surface decreases with decreasing g ⁄ , i.e. with increasing resistance. Since we fit the experimental amplitude as a function of the distance from the exposed surface, we obtain the amplitude at the exposed surface. This amplitude is shown in Fig. 10 for the three different principal transport directions (longitudinal, radial, and tangential) as a function of p f ⁄ , using the retrieved diffusion coefficients. For the longitudinal sample, the amplitude at the exposed surface coincidentally corresponds well to g ⁄ = 1. With q = 700 kg/m 3 , this results in g = 2.04 Á 10 À4 kg/m 2 s, which is approximately one order of magnitude higher than reported for Western white pine by Avramidis and Siau [8] . Assuming the mass transfer coefficient to be independent of the transport direction, this would result in g ⁄ = 52 and g ⁄ = 126 for the radial and tangential direction respectively. The amplitude at the surface for these cases is shown in Fig. 10 too, which results in a much less steep decay of the surface amplitude than observed in experiments. This would imply a mass transfer coefficient dependent on the exposed surface (radial-tangential, longitudinal-tangential, or radiallongitudinal). As can be seen in Fig. 10 , simulations with g ⁄ = 4 Longitudinal Radial Tangential Diffusion equation Fig. 8 . The amplitude in moisture content at 1 mm from the exposed surface (x 1 * = 0.1) divided by the amplitude for infinitely slow fluctuations (i.e. the difference in equilibrium moisture content at a relative humidity of 10% and 90%). and g ⁄ = 10 represent the data for the radial and tangential direction fairly well, which, in good agreement with values found by Avramidis and Siau [8] , both provide g = 1.5 Á 10 À5 kg/m 2 s. The longitudinal-tangential and radial-longitudinal surface thus have similar mass transfer coefficients; these surfaces are qualitatively similar. The radial-tangential surface, with its exposed vessels, is different, which could explain the observed difference in mass transfer coefficient.
Conclusions
During exposure to sinusoidal fluctuations in relative humidity, the amplitude in moisture content in oak decreases exponentially away from the exposed surface. This is in agreement with predictions from the diffusion equation with constant coefficients in a semi-infinite domain. The attenuation of the amplitude is dependent on the direction of transport; due to its low permeability, the amplitude decay is the most severe in the tangential and radial direction. Conversely, the high permeability in the longitudinal direction results in large penetration depths of the humidity fluctuations. The derived diffusion coefficients are in good agreement with literature values. The dependence of the penetration depth in the longitudinal direction on moisture content is shown to be negligible, since experiments in different relative humidity ranges provide similar diffusion coefficients. We also show a dependence of the surface moisture content amplitude on frequency, which can be the result of a resistance to moisture exchange. The values of the mass transfer coefficient are shown to be dependent on the exposed surface, with values for the longitudinal-tangential and radial-longitudinal being approximately one order of magnitude smaller than for the radial-tangential surface. Fig. 10 . The amplitude in normalized moisture content at the exposed surface A 0 as a function of the square root of the dimensionless frequency f * for the three different transport directions in the experiments. Solid lines represent results from numerical simulations.
